Introduction
============

Attention is increasingly being paid to the use of natural compounds (such as essential oils) as a promising option to replace agrochemicals in agricultural pest control. These odoriferous substances are extracted from various aromatic plants, which are rich sources of biologically active secondary metabolites such as alkaloids, phenolics, and terpenoids ([@B19]), using extraction methods employing aqueous or organic solvents, or steam distillation. Their mechanisms of action can vary, especially when the effect is due to a combination of compounds ([@B11]; [@B19]).

Neem oil is extracted from the neem tree, *Azadirachta indica* Juss., a member of the *Meliaceae* family that originates from the Indian subcontinent and is now valued worldwide as an important source of phytochemicals for use in human health and pest control. *Azadirachta* is a fast-growing small-to-medium sized evergreen tree, with wide and spreading branches. It can tolerate high temperatures as well as poor or degraded soil. The young leaves are reddish to purple, while the mature leaves are bright green, consisting of petiole, lamina, and the base that attaches the leaf to the stem and may bear two small lateral leaf-like structures known as stipules ([@B64]; [@B21]).

Neem oil contains at least 100 biologically active compounds. Among them, the major constituents are triterpenes known as limonoids, the most important being azadirachtin (**Figure [1](#F1){ref-type="fig"}**), which appears to cause 90% of the effect on most pests. The compound has a melting point of 160°C and molecular weight of 720 g/mol. Other components present include meliantriol, nimbin, nimbidin, nimbinin, nimbolides, fatty acids (oleic, stearic, and palmitic), and salannin. The main neem product is the oil extracted from the seeds by different techniques. The other parts of the neem tree contain less azadirachtin, but are also used for oil extraction ([@B62]). It has been suggested that the content of azadirachtin in the seeds can be increased by artificial infection with arbuscular mycorrhiza ([@B93]).

![**Chemical structure of azadirachtin, the main component of neem oil**.](fpls-07-01494-g001){#F1}

Among the botanical insecticides currently marketed, neem oil is one of the least toxic to humans and shows very low toxicity to beneficial organisms, so it is, therefore, very promising for the control of many pests. Target insect species include the following: *Anopheles stephensi* ([@B46]), *A. culicifacies* ([@B7]), *Ceraeochrysa claveri* ([@B78], [@B79]; [@B77]), *Cnaphalocrocis medinalis* ([@B82]), *Diaphorina citri* ([@B95]), *Helicoverpa armigera* ([@B3]), *Mamestra brassicae* ([@B80]), *Nilaparvata lugens Stal* ([@B81]), *Pieris brassicae* ([@B29]), and *Spodoptera frugiperda* ([@B90]). Arachnid targets include *Hyalomma anatolicum excavatum* ([@B1]) and *Sarcoptes scabie* var. cuniculi larvae ([@B97]).

The oil is considered a contact insecticide, presenting systemic and translaminar activity ([@B8]). It has a broad spectrum of action, inhibiting feeding, affecting hormone function in juvenile stages, reducing ecdysone, deregulating growth, altering development and reproduction, suppressing fertility, sterilizing, repelling oviposition, and disrupting molting processes ([@B6]). Little is known about the mode of action of azadirachtin as a feeding inhibitor, although it is possible that it stimulates cells involved in feeding inhibition, causing weakness and pest death ([@B6]).

Azadirachtin, salannin, and other limonoids present in neem oil inhibit ecdysone 20-monooxygenase, the enzyme responsible for catalyzing the final step in conversion of ecdysone to the active hormone, 20-hydroxyecdysone, which controls the insect metamorphosis process. However, these effects are probably secondary to the action of azadirachtin in blocking microtubule formation in actively dividing cells ([@B55]). Moreover, azadirachtin can inhibit the release of prothoracicotropic hormone and allatotropins from the brain-corpus cardiacum complex, resulting in problems of fertility and fecundity ([@B58]). Meliantriol and salannin also act to inhibit the feeding of insects, while nimbin and nimbidin mainly present antiviral activity ([@B17]).

Azadirachtin can also interfere in mitosis, in the same way as colchicine, and has direct histopathological effects on insect gut epithelial cells, muscles, and fatty tissues, resulting in restricted movement and decreased flight activity ([@B96]; [@B54]; [@B69]).

Several studies have described the action of neem oil in specific groups of insects. Among the major insect groups, neem oil has shown action against (i) Lepidoptera: antifeeding effect and increased larvae mortality ([@B48]; [@B50]; [@B90]); (ii) Hemiptera: early death of nymphs in due to inhibition of development and ecdysis defects ([@B95]; [@B82]; [@B22]); (iii) Hymenoptera: food intake decrease, reduced larval and pupal development, larvae death during the molting process ([@B44]); (iv) Neuroptera: severe damage in the midgut cells of larvae, injury and cell death during the replacement of midgut epithelium, and changes in cocoons, with increased porosity and decreased wall thickness affecting pupation ([@B78], [@B79]; [@B77]). In another class, the Arachnida, exposure of the Ixodidae group to neem oil decreased egg hatching and caused malformation, deformities, and death of larvae and adults ([@B1]).

Neem Applications
=================

For centuries, neem has been used in folk medicine for the treatment of conditions such as malaria, ulcers, cardiovascular disease, and skin problems. Despite the limited existence of clinical trials to support therapeutic claims, the use of neem has expanded over time, and it is an important component of Ayurvedic medicine (medical knowledge developed in India about 7000 years ago; [@B27]; [@B65]).

In addition to its medical applications, neem has aroused interest in many other areas (**Figure [2](#F2){ref-type="fig"}**). In the cosmetics and hygiene sector, neem is used in the composition of face masks, lotions, sunscreens, soaps, and toothpastes ([@B49]). Products derived from neem can contribute to sustainable development and the resolution of pest control problems in agriculture ([@B45]). These products benefit from the natural properties of neem as a powerful insect growth regulator (IGR) that also affects many other organisms (such as nematodes and fungi) and can act as a plant fertilizer ([@B6]).

![**Potential applications of azadirachtin in different areas**.](fpls-07-01494-g002){#F2}

The use of neem in agriculture is not a new practice. In India, the traditional farming system employed neem extracts for pest management and to supply nutrients to plants ([@B56]; [@B88]). Scientific research has shown that neem is safe for workers, with no handling risks, and can be used throughout the entire crop production cycle ([@B5]).

Neem has proven use as a fertilizer, with the organic and inorganic compounds present in the plant material acting to improve soil quality and enhance the quality and quantity of crops. The waste remaining after extraction of the oil from neem seeds (neem seed cake) can be used as a biofertilizer, providing the macronutrients essential for plant growth ([@B72]; [@B45]).

Nitrogen is one of the main nutrients required by plants for their development, and urea is the main source of nitrogen fertilizer used worldwide to supply the nitrogen demand of crops. The control of urea hydrolysis and nitrification is one of the principal strategies employed to avoid nitrogen losses in agriculture ([@B61]). Neem has demonstrated activity as a nitrification inhibitor, helping to slow the bacterial activity that is responsible for denitrification, hence decreasing the loss of urea from the soil ([@B59]; [@B52]).

Due to their compositional complexity, neem-based products can act as antifeedants, growth regulators, sterilants, anti-oviposition agents, and repellents ([@B28]). Other factors that have stimulated the use of neem-based products for pest control in agriculture are ecological and toxicological aspects (low toxicity to non-target organisms), as well as economic aspects (small amounts of the product can provide effective pest control; [@B65]).

These features of neem support its contribution to organic agricultural production systems that are more sustainable and do not generate chemical residues (plants and crops are grown without the use of any agrochemicals). This method also helps to maintain soil productivity, ensuring longer production times. Organic agriculture can be a viable alternative production method for farmers, but there are numerous challenges to be overcome. A key to success is to be open to new approaches, and in this respect neem products can effectively contribute to organic agriculture, being used as organic pesticides and as soil fertilizers. In addition, growing concerns about conventional agriculture and the demand for products that do not generate waste justify increased adoption of the use of biopesticides by farmers, which contributes to the growth of organic agriculture ([@B15]; [@B84]; [@B24]).

Commercial Products Derived From Neem (*Azadirachta indica*)
============================================================

Neem has acquired commercial recognition due to its various beneficial properties, which have been extensively investigated over time. Compared to conventional chemicals, which are generally persistent in the environment and highly toxic, botanical pesticides are biodegradable and leave no harmful residues. Most botanical pesticides are non-phytotoxic and are also more selective toward the target pest. In terms of commercial applications, biopesticides can provide substantial economic advantages, since the infrastructure required is inexpensive, compared to conventional pesticides ([@B68]).

This has resulted in the publication of numerous scientific research articles and books, as well as the organization of international conferences to discuss the benefits of the plant ([@B27]).

Several patents related to processes and products based on neem have been deposited in the United States, India, Japan, Australia, and elsewhere. Many of the products derived from neem are manufactured by crushing the seeds and other plant parts, followed by the use of solvents to extract the active ingredients possessing pesticide activity. The different methods and techniques employed to obtain neem products can result in different concentrations of the active compounds, as well as different biological effectiveness ([@B75]). **Table [1](#T1){ref-type="table"}** lists some of the main commercial products based on neem.

###### 

Neem applications and commercial products available worldwide.

  Application    Product                             Manufacturer
  -------------- ----------------------------------- ----------------------------------
  Fertilizer     Ozoneem Cake^®^                     Ozone Biotech (India)
                 Plan "B" Organics -- Neem Cake^®^   Plan "B" Organics (USA)
                 Fortuneem Cake^®^                   Fortune Biotech (USA)
                 Bio Neem Oil Foliar^®^              FUSA -- Fertilizers of the USA
                 Neem Cake^®^                        Unibell Corporation (Russia)
                 Ozoneem Coat^®^                     Ozone Biotech (India)
                 Parker Neem Coat^®^                 Parker Neem (India)
                 Neem Urea Guard^®^                  Neemex (India)
                 Fortuneem Coat^®^                   Fortune Biotech (USA)
                 *Azadirachtin-based products*       
  Agrochemical   AZA-Direct^®^                       Gowan Company (USA)
                 Neemix 4.5^®^                       Certis (USA)
                 Fortune Aza 3% EC^®^                Fortune Biotech (USA)
                 Azamax^®^                           UPL Ltda. (Brazil)
                 Neemazal Technical^®^               E.I.D. Parry Ltd. (India)
                 Ecosense^®^                         Agro Logistic Systems Inc. (USA)
                 Safer Brand 3 in 1                  Woodstream Corp. (Canada)
                 Garden Spray^®^                     
                 Azatin XL^®^                        OHP Inc. (USA)
                 Azact CE^®^                         EPP Ltda. (Brazil)
                 *Neem oil*                          
                 Triact 70 EC^®^                     Certis Company (USA)
                 BioNeem^®^                          Woodstream Corporation (USA)
                 Shubhdeep Neem Oil^®^               King Agro Food (India)
                 DalNeem^®^                          Dalquim Ltda. (Brazil)
                 OzoNeem Oil^®^                      Ozone Biotech (India)
                 NeemDrop^®^                         Neem India Products Ltd. (India)

Despite its many promising properties, there are limitations that hinder effective large-scale use of neem. These impediments must be overcome and many uncertainties clarified so that the full potential of neem can be exploited. One of the main problems facing the commercial development of neem is a lack of industrial interest, largely due to the difficulty of patenting natural products, as well as a shortage of scientific evidence to support claims regarding the benefits of these substances. As a results, the products are not widely publicized in the farming community and elsewhere ([@B68]).

Disadvantages of neem are its low stability under field conditions, due mainly to a high rate of photodegradation, as well as a short residence time and slow killing rates, compared to conventional pesticides ([@B32]; [@B12]; [@B51]). Genetic factors are mainly responsible for determining the chemical composition of neem oil. However, environmental factors and the type of extraction method can lead to significant differences in composition. As a result, there is no standard active ingredient in the composition of this botanical insecticide, which limits its application in the control of agricultural pests ([@B25]; [@B89]; [@B85]).

Neem oil contains a group of active ingredients with different chemical characteristics. It was therefore believed that the development of insect resistance would be virtually impossible. However, as studies have progressed, it has been observed that due to the low residual power of botanical insecticides, multiple applications are required in order to control pests, which can increase selection pressure on the pest population, possibly leading to resistance ([@B25]; [@B89]; [@B85]).

Currently, most of the botanical insecticides that are being studied and that are effective against many pests are those with feeding deterrent action, so their indiscriminate use could result in the development of resistance ([@B89]; [@B57]). [@B20] evaluated the behavior of two lines of *Myzus persicae*, which were exposed to pure azadirachtin or to refined neem seed extract at the same concentration as azadirachtin. It was found that after forty generations, the line treated with azadirachtin had developed ninefold greater resistance to azadirachtin, compared to a control line, whereas the line treated with the extract did not show resistance.

Future Trends
=============

Biological control is defined as the action of natural enemies on a population of pests in order to keep it at a population density that does not cause economic damage to crops ([@B67]). Natural enemies have been known since the third century BC, when the Chinese used predatory ants for pest control in citrus. However, after 1939, with the synthesis of the chlorinated pesticide dichlorodiphenyltrichloroethane (DDT) and organophosphorus pesticides, research on synthetic chemical pesticides and their use increased greatly, while the opposite occurred with biological control methods ([@B14]; [@B63]). Currently, with the emergence of the concept of Integrated Pest Management (IPM), there is a resurgence of research with emphasis on biological control techniques. Such systems seek to harmoniously integrate various forms of control, with emphasis on biological control, in order to gain economic, social, and environmental improvements ([@B40]; [@B16]; [@B18]).

The biological control of insects and mites in agriculture can be achieved using small wasps or flies, known as parasitoids, which parasitize eggs, small caterpillars, and even adults. It can also be performed using predators such as ladybugs, bugs, predatory mites, and spiders, as well as parasitism by entomopathogenic microorganisms including fungi, bacteria, and viruses ([@B43]; [@B16]; [@B86]). Although biological control will not control all pests all of the time, it is a key component of integrated pest management. The purpose of biological control is not to eradicate pests, but to keep them at tolerable levels at which they cause no appreciable harm ([@B66]).

There has recently been increased interest in the application of plant-based materials (botanical insecticides), such as neem oil, in pest control. Although these products are safer for the management of pests, compared to synthetic chemicals, their effects in IPM must be evaluated. Several studies have investigated the relationships between botanical insecticides and natural enemies of agricultural pests ([@B30]; [@B47]; [@B31]; [@B91]; [@B92]). [@B76] evaluated the use of different neem-based products in colonies of *Beauveria bassiana, Isaria fumosoroseus*, and *Lecanicillium lecanii*, and the results showed that these entomopathogenic fungi were compatible with most products tested. [@B70] conducted a review in order to score the impact and safety of different botanical insecticides in the presence of parasitoids and predators (beneficial arthropods), with the aim of standardizing strategies and application methods to achieve better management of agricultural pests.

The integrated use of botanical insecticides associated with biological control (synergism) in IPM is becoming increasingly widespread in the farming and research communities. The advantage of this approach is that it offers the potential to control agricultural pests, without serious impacts on the environment, non-target organisms, and animal and human health.

Botanical insecticides must meet the same criteria as conventional insecticides. In other words, they must be selective for the target pest and provide sufficient residual activity to protect the plant during the period of vulnerability. Over the past decade, there has been a significant increase in the number of publications concerning the use of neem oil to control agricultural pests ([@B53]; [@B94]; [@B9]; [@B24]; [@B73]; [@B4]). However, many studies have only involved testing at the laboratory level (*in vitro*), due to the instability of this substance under field conditions. From these studies, it is not possible to draw firm conclusions concerning the in vivo biological efficacy of the formulations, due to the effects of numerous environmental variables.

In order to overcome the above-mentioned limitations, nanotechnology has emerged as a novel tool to address the problems of agricultural sustainability and food security ([@B39]; [@B37]; [@B41]; [@B36]; [@B38]; [@B23]). Many studies have shown that the encapsulation of agrochemicals in nanoparticulate systems can enhance the efficacy of the active ingredient, decrease toxicity toward the environment and humans, and reduce losses due to volatilization, leaching, and photobleaching ([@B42]; [@B74]; [@B13]; [@B12]; [@B4]; [@B26]).

From the point of view of sustainable agriculture, nanotechnology can help in the development of environmentally friendly agricultural inputs, improving the safety and stability of active agents, enhancing their activity in pest control, and, consequently, increasing their acceptance by producers ([@B60]; [@B87]; [@B39]; [@B2]; [@B71]). The use of nanoparticles provides an effective means of protecting neem oil against premature degradation, resulting in prolongation of its effect on the target pest. Sustained release of the active agent is achieved, and environmental damage is minimal because the polymers employed are biodegradable. Furthermore, the number of applications of neem oil can be reduced, bringing substantial economic benefits ([@B42]; [@B34]; [@B32]; [@B12]; [@B33]; [@B51]).

Although studies have demonstrated the beneficial effects of nanoencapsulation of neem oil, some issues need to be resolved so that the synergistic effect of nanoparticles associated with this botanical insecticide can significantly contribute to the control of insect pests. These issues include the need for: (a) regulation of the use of nanomaterials in agriculture; (b) nanoformulations that are easily scalable; (c) comparative studies employing neem formulations available commercially to prove the cost/benefit of nanoformulations; (d) detailed studies of the degradation and behavior of these nanopesticides in the environment; and (e) evaluation of toxicity toward non-target organisms ([@B10]; [@B35]; [@B83]).

Given the importance of neem oil and its worldwide use for combating numerous pests in different crops, the nanoencapsulation of this oil should enable the production of more stable formulations for the control of insects that damage crops, especially those that are essential for human consumption. In addition, the use of nanotechnology is an excellent way to combat the development of resistance in insects due to the indiscriminate use of neem oil.
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